The ability to use organic compounds links the metabolism of the Thiorhodaceae with that of the Athiorhodaceae, the latter requiring organic substrates, and being unable to develop at the expense of; e.g., H,.S and CO,. in the light. ~ The photosynthetic nature of the metabolism of such organic substrates by Athiorhodaceae has been firmly established by Gaffron, e who showed that molecular hydrogen can also be used by certain representatives of this group. It seemed, therefore, likely that the generalized equation 2H2A + CO~ ~ (CH20) + H20 + 2A would also represent the general nature of the photosynthetic metabolism of the Athiorhodaceae, and that organic compounds would here fulfill the function of H~; i.e., hydrogen donor for the photochemical reduction of CO,. 1
So far this concept has rested entirely upon analogies between the various types of photosynthetic reactions. A dear cut demonstration of the function of an organic substrate merely as hydrogen donor may be expected only if it can be shown that such a substrate undergoes an oxidation without change in its carbon skeleton.
Among the vast variety of oxidation processes carried out by different microorganisms it is particularly the oxidation of alcohols that stands out as providing many examples of such typical dehydrogenations. 7 Thus if it were possible to find representatives of the Athiorhodaceae capable of using simple alcohols as organic substrates one might hope to show this hydrogen donor function beyond a doubt.
By setting up enrichment cultures in media containing simple alcohols as the main substrate, some 50 strains of purple bacteria have now been obtained in pure culture, all of which are characterized by their ability to develop at the expense of simple alcohols.
A cursory study of the biochemical behavior of some of these strains showed, however, that with primary alcohols an accumulation of the corresponding fatty acids does not occur. In view of the fact that these strains decompose fatty acids much more rapidly than the corresponding alcohols, this is not surprising. On the other hand, the decomposition of isopropanol with the production of acetone by one of these strains led us 5 Molisch, H., Die Purpurbakterien nach neuen Untersuchungen, Jena, 1907 . s Gaffron, H., Biochern. Z., Berlin, 1933 1935, 275, 301. 7 The oxidation of numerous primary alcohols to the corresponding fatty acids, and of secondary alcohols to the corresponding ketones by Acetobaa~r species are, perhaps, the most widely recognized cases.
to a quantitative study of this process. The results obtained warrant the conclusion that the reaction may be represented by the equation 2 CI-hCHOHCI-h Jr CO2 --* 2 CI-IsCOCI-Ia Jr (CH20) Jr H~O.
It thus furnishes the first incontrovertible evidence that an organic substrate can function exclusively as hydrogen donor in a photosynthetic process.
In this connection it may be pointed out that the oxidation of isopropanol to acetone has been found applicable to studies on the mechanism of the methane fermentation which Barker in 19368 had formulated as a CO2-reduction process in the dark. Independently Schnellen 9 and Barker 1° have now shown that the methane fermentation in the presence of isopropanol may be represented by the equation 4 CI-hCHOHCI-h Jr CO~ --* 4 CI-hCOCI-h Jr CI-h Jr 2H20.
Materials and Methods
The organism used for the experiments was obtained by specific enrichment cultures in a basal medium n containing 0.1 per cent isopropanol. Glass stoppered bottles, completely filled with the solution, and inoculated with a small amount of mud were exposed to continuous illumination in a fight cabinet at about 30°C. After growth had occurred serial transfers were made, and isolation of the pure culture was achieved by three successive series of shake cultures in the above mentioned medium with 2 per cent agar added (see also footnote 1).
A complete description of the organism will appear elsewhere.
The formation of acetone was demonstrated by distilling the liquid portion of a 7 day old pure culture directly into an HC1 solution of 2,4-dinitrophenylhydrazine. The precipitate was recrystallized and identified as acetone-2,4-dinitrophenylhydrazone. s Barker, H. A., Arch. Mikrobiot., 1936, 7, 404. 9 Cited by Kluyver, A. J., Suomen Kemistiletgi, 1939, 5-6, 81 The photosynthetic transformation of isopropanol to acetone with the simultaneous assimilation of CO, has been followed quantitatively (1) by analyses of cultures in different stages of growth, and (2) with suspensions of "resting cells," using the Warburg manometric technique.
Analytical Procedures.--Total carbon dioxide, including carbonate and bicarbonate, was determined manometrically; the Van Slyke apparatus was used for analysis of the culture media.
Isopropanol and acetone were determined on a micro scale. A 5 ml. sample was slowly distilled, after acidification with H2SO,, into 1 ml. of H20 kept in an ice bath, the condenser outlet extending below the surface of the liquid. A total of about 3 ml. was collected, and 1 ml. portions of the carefully measured distillate subjected to the action of 2 ml. of 0.1 N K2Cr20~ in 5 per cent H~SO4 at 100°C. for 5 minutes in well stoppered containers. Residual dichromate was determined iodometrically; deduction from a blank, treated in the same way with H~O instead of isopropanol-containing distillate, yields the amount of K~Cr,O7 reduced by isopropanol, which is itself quantitatively oxidized to acetone. 1 ml. 0.1 N Na2S208 corresponds to 3.00 mg. isopropanol. Numerous checks with standard isopropanol solutions gave theoretical results.
The acetone content of the culture media was determined by the Messinger-Goodwin iodometric method 18 directly on the centrifuged culture solution since distillation proved to result in a loss of from 5-15 per cent of the acetone. The small amount of yeast extract present in the culture medium did not reduce a measurable quantity of iodine. However, under the conditions of the Messinger-Goodwin titration isopropanol is partly oxidized by iodine; the amount of iodine used is proportional to the concentration of the alcohol. By experimentally determining the corrections to be applied for various isopropanol concentrations within the range encountered here the method gave highly accurate and reproducible results.
The possibility had to be considered that the bacteria during their development might produce iodine-reducing substances other than acetone, particularly since such products have been found in cultures of Thio-12 I am indebted to Dr. A. J. Haagen Smit, of the California Institute of Technology, for the N analysis.
18 Goodwin, L. F., J. Am. Chem. Sot., 1920, 42, 39. rhodaceae.U, 4 Van NieP has shown that these metabolic products are non-volatile. By running acetone analyses on the culture liquid before and after boiling off the acetone it could be shown that the iodine reduction in the present experiments was due wholly to acetone. The excellent agreement between the acetone produced and isopropanol utilized corroborates this. Organic carbon determinations were made with the method of ter Meulen and Heslinga. TM
Experiments on Growing Cultures
A large batch of the sterile nutrient medium with approximately 0.1 per cent isopropanol was apportioned aseptically into a series of 70 ml. glass stoppered bottles. Each bottle, with the exception of every fourth one in the series, was inoculated with one drop of a young culture; the uninoculated bottles served as controls. Additional controls consisted of cultures in the basal medium without added isopropanol. The bottles were completely filled and the necks heavily sealed with paraffin in order to minimize losses of CO~ during incubation.
After various periods of time bottles were removed for analysis, and determinations of total CO,, isopropanol, and acetone were made on the contents of each bottle. The results obtained with the uninoculated controls proved conclusively that no changes in composition had occurred during prolonged incubation.
The data for the experiment, representing the analysis of 20 cultures at different stages of development, have been summarized in Table I .
Each horizontal row of figures represents the data obtained with a single culture. The development in the various cultures did not proceed at exactly the same rate, probably due to differences in the inoculum and other as yet uncontrollable factors. This accounts for irregularities such as a greater oxidation of isopropanol after 6 than after 7 days. The amount of acetone formed during the first 4 days of incubation was too small to be determined accurately. The data for the changes in composition of the medium from the sixth day on show conclusively that the disappearance of 1 mole of isopropanol results in the formation of 1 mole of acetone, and in the disappearance of practically 0.5 mole of CO,, as required by the above equation. It will be seen that even after 27 days' incubation only about 70 per cent of the isopropanol had been oxidized.
The exact nature of the products of CO2-reduction cannot be determined 14 Gaffron, H., Biochem. Z., Berlin, 1935, 27g ', 1. 15 ter Meulen, H., and Heslinga, J., NouveUes m6thodes d'analyse chimique organique, Paris, Dunod, 2nd edition, 1932. on the basis of these analyses. The actual increase in the number of bacteria during the course of the experiments shows dearly that all the different cellular constituents have been synthesized. The elementary analysis of purple bacteria 4 has proven that the overall composition of this cell material is more reduced than carbohydrate. In agreement herewith van Niel 1 and Muller 3 have found that in growing cultures of Thiorhodaceae the CO2 uptake remains some 10-20 per cent below that required by the 1.02 equation in which it is assumed that the CO2-reduction yields carbohydrate. 16 One might, therefore, expect a similar discrepancy in the ratio Isopropanol used .
in the above experiments. However, the situation in COs reduced this case is considerably more complicated because the culture medium contains other carbon compounds in addition to isopropanol and COs in the form of a small amount of yeast autolysate. This addition is required to secure growth of the Athiorhodaceae, presumably as a source of as yet unknown growth factors. The complex nature of this material, which no le This assumption is made for the sake of simplifying the generalized equation, and constitutes nothing but a first, rough approximation. doubt contains a number of different hydrogen donors as well, has so far made a satisfactory analysis and better interpretation impossible.
A combustion analysis of the cell material grown in media without and with isopropanol was carried out by centrifuging the cells contained in 40 ml. of culture, after previous acidification to eliminate carbonate and bicarbonate. The results are presented in Table II , together with data for the CO~-uptake by the organisms grown in the presence of isopropanol. An aliquot of yeast autolysate, burned after evaporation to dryness without acid treatment made possible the computation of the amount of carbon attributable to the yeast autolysate in the original medium.
The close agreement between the carbon dioxide recovered from the cell material, and the amount of carbon dioxide reduced by the bacteria in the isopropanol culture could indicate that in the presence of isopropanol the organic constituents of the yeast autolysate are not converted into cell material, were it not for the fact that the liquid fraction contained organic matter other than yeast extract, apparent by the slow formation of a colloidal precipitate upon standing, and probably resulting from autolysis of the bacteria. Its tendency to cling to and climb up the walls of the tubes made its quantitative recovery impossible. 17 Attempts were made to obtain better carbon recoveries by evaporating 40 ml. of the cultures to dryness in the presence of excess HC1, and determining organic carbon in the residue. The results are summarized in Table III .
Although the carbon recovery was considerably higher, the results are not entirely satisfactory yet. Apparently the evaporation to dryness in the presence of HC1 resulted in the loss of part of the constituents of the medium other than isopropanol and acetone. This is shown by the discrepancy of the organic carbon initially present as yeast extract (10.9 rag. per 40 ml. (Table I) ) and the recovery (6.0 mg. CO~) after evaporation of the isopropanol-free culture. By assuming that the loss of yeast autolysate constituents is the same in cultures with and without isopropanol a correction for this factor yields a carbon balance in which the CO~ recovery is too high (column A, Table III) . It is likely, however, that in the presence of isopropanol and CO2 more of the yeast extract is converted into cell material. The smaller amount left unchanged at the end of the experiment would thus cause a reduction in the loss during evaporation in the presence of HC1. By applying the maximum correction for the yeast autolysate equivalent (10.9 mg. CO2), the recovery is too low (Column B, Table III ). Hence it appears that the fate of the yeast autolysate constituents depends upon the presence or absence of additional substrates. A closer evaluation cannot be attempted at present.
The results show, however, that the inorganic carbon dioxide, which disappeared from the medium during the development of the bacteria in the presence of isopropanol, is converted into organic cell constituents.
Manometric Experiments
The photosynthetic decomposition of isopropanol with reduction of CO~ was also studied with resting ceils which excludes multiplication of the bacteria, and hence makes the addition of yeast extract superfluous, thus elhninating this complicating factor.
The slow rate of oxidation of isopropanol by the bacterium necessitated the use of dense suspensions of physiologically active cells in these manometric experiments. Preliminary studies showed the desirability of using relatively young cultures grown in isopropanol media. For one complete experiment the cells produced during 5 days in 5 liters of medium were collected by centrifugation, washed, and suspended in about 15 ml. 0.05 per cent NaHCOa solution. The suspension was equilibrated with oxygenfree nitrogen containing 5 per cent COs, and 2 ml. portions pipetted into the main compartment of a number of Warburg vessels with two side arms. One side arm always contained 0.1 ml. 5 per cent HsSO4, the other the solutions to be added as substrate. The gas phase consisted of N2 with 
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COs change in gas phase in ~I dtlal 2hrs. 5hrs. 7hrs. 5 per cent CO,; the vessels were shaken at 30.0°C. over a bank of 60 watt incandescent lights. After temperature equilibrium has been reached the pressure in the manometers remains practically constant in the absence of substrate. The addition of isopropanol from the side arm causes a slow but regular decrease in pressure which, after some hours, comes to a standstill.
In Table IV the results of a typical experiment are reproduced. Inasmuch as the bicarbonate content of the liquid does not change appreciably during the experiment, the decrease in pressure shows the course of the photosynthetic COs uptake (Fig. 1) .
The cessation of COs uptake is due to the disappearance of the isopropanol. This, and the conversion of the latter into acetone, has been shown by chemical analyses in which 73-84 per cent of the acetone could be re-covered. Considering the relatively large gas phase, the high temperature at which the experiments were run for many hours, and the volatility of the acetone such recovery may be deemed entirely satisfactory; also from the suspensions to which acetone had been added the recovery was of the same order of magnitude.
The actual CO2-uptake in these experiments amounts to about 90 ~1 per 0.01 millimol of isopropanol. The generalized equation requires 112/~1 if the conversion of CO~ would yield carbohydrate. Experiments on photosynthesis by Athiorhodaceae in the presence of various substrates have shown that the CO,. uptake is always considerably below this theoretical amount (Gaffrone). The average of numerous determinations has shown a discrepancy of 45 #1 per 224 #1, computed from the general equation, is
Thus the results of the CO2 assimilation with isopropanol are in excellent agreement with the known facts. The low values for CO2-uptake must be interpreted to mean that the resting cells do not carry on photosynthesis with the production of carbohydrate, but form more reduced substances.
The results obtained with the suspension in the presence of acetone also demonstrate conclusively that acetone cannot be used by the organism as a substrate for photosynthesis, and is truly the end product of the isopropanol oxidation. This holds not only for suspensions of resting cells; also culture experiments in the basal medium with acetone proved that growth in such media is never in excess of that which can be obtained in acetone-free medium; i.e., at the expense of the yeast autolysate.
DISCUSSION
The experiments described above illustrate the first case in which the rSle of an organic substrate in photosynthesis by Athiorhodaceae can be unequivocally interpreted. Of particular importance is the fact that the transformation of the substrate consists of a simple dehydrogenation, as shown by the stoichiometrical relationship between the substrate and its oxidation product. The organism itself is of interest also as a representative of a group of Athiorhodaceae capable of using simple alcohols. The purpl6 bacteria previously investigated have appeared inactive with respect to alcohols, e The present results show that the contention of Gaffron: "Das Vorhandensein einer Carboxylgruppe ist Grundbedingung dafiir, dass ein K6rper als Substrat der Assimilation dienen kann... ," has become untenable. The discovery of this group of Athiorhodaceae makes it seem probable that among the purple bacteria there would exist a heterogeneity of oxidative biochemical characteristics comparable to that known to occur among the colorless bacteria. But, whereas the latter bring about the oxidation of the substrate with the simultaneous reduction of oxygen, CO2, nitrate, or sulfate in the dark, the purple bacteria are outstanding in their ability to accomplish such oxidations concomitant with the photochemical reduction of CO2.
The quantitative conversion of isopropanol to acetone with the reduction of an equivalent amount of C02 in the light shows the validity of van Niel's generalized equation of photosynthesis CO2 + 2 H,A --~ (CH~O) + H20 + 2A beyond a doubt. Also organic substances can thus be used exclusively as hydrogen donors for the photochemical COs-reduction.
In a large number of cases the r61e of the organic substrate is not so transparent; usually one observes the complete transformation of organic substances with the simultaneous uptake of CO2 (or production in the case of highly oxidized substances) into cell materials, and without any detectable remains in the surrounding liquid. This might imply that the cell constituents are produced exclusively from CO,, while the organic compound during photosynthesis is completely dehydrogenated (Muller3).
However, it would seem premature to draw this conclusion on the basis of the experimental evidence presented above. It is far more likely that in the course of the oxidation of other organic substrates there may be formed intermediate products which can be directly converted into cell materials. (See also van Niel t 1935, pp. 140-141 .) The recent studies 19 on oxidative assimilation by colorless organisms furnish a very strong support for this view. Wherever the occurrence of such intermediate products is excluded the cell substances must, however, arise from the assimilation of CO, alone. The isopropanol oxidation is a case in point.
SUMMARY
A representative of the photosynthetic non-sulfur purple bacteria (Athiorhodaceae) capable of using simple alcohols has been isolated in pure culture.
By means of quantitative analysis of cultures at different stages of development it has been shown that this organism converts isopropanol quantitatively into acetone, simultaneously reducing CO, in the light. The data can be represented by the equation 2 CHsCHOHCH8 + CO, --~ 2 CI-I, COCH, + (CH20) + H20.
Manometric experiments with suspensions of resting cells have fully corroborated the results obtained with growing cultures.
The experiments have conclusively proved that an organic substrate may fulfill exclusively the function of hydrogen donor for the photochemical CO,-reduction in purple bacteria photosynthesis.
I am greatly indebted to Professor van Niel for his constant and invaluable help.
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